Mesoscale circulations forced by a random distribution of surface sensible heat flux have been investigated using a three-dimensional numerical model. The complex land surface is modeled as a homogeneous random field characterized by a spectral distribution. Standard deviation and length scale of the sensible heat flux at the surface have been identified as the important parameters that describe the thermal variability of land surface. The form of the covariance of the random surface forcing is not critical in driving the mesoscale circulation. The thermally induced mesoscale circulation is significant and extends up to about 5 km when the atmosphere is neutral. It becomes weak and is suppressed when the atmosphere is stable. The mesoscale momentum flux is much stronger than the corresponding turbulent momentum flux in the neutral atmosphere, while the two are comparable in the stable atmosphere. The mesoscale heat flux has a different vertical profile than turbulent heat flux and may provide a major heat transport mechanism beyond the planetary boundary layer. The impact of synoptic wind on the mesoscale circulations is relatively weak. Nonlinear advection terms are responsible for momentum flux in the absence of synoptic wind.
Introduction
Atmospheric circulations induced by differential heating is an important mesoscale process. One wellknown example is the sea breeze driven by the thermal contrast between land and water. Such a sharp contrast in surface heating is less common over continental regions where the thermal heterogeneity of the land surface results from variable vegetation cover, soil properties, and/or soil moisture distribution. Nevertheless, the gradual variation of land surface properties may still be sufficient to drive a land breeze under favorable atmospheric conditions. This type of mesoscale processes is potentially important for the transport of momentum, heat, and moisture from the surface, and will be the focus of this paper.
Substantial progress in understanding the role of land surface in the development of thermally induced mesoscale circulations has been achieved in the last 20 years. Linear analytical models (e.g., Rotunno 1983; Dalu and Pielke 1989 ) predict significant mesoscale circulation under the conditions of idealized land surface heterogeneities. Mesoscale fluxes comparable to turbulent fluxes have been found using a linear model (Dalu and Pielke 1993) . Nonlinear analysis of mesoscale circulations has been conducted with the help of numerical models. A good source of references on this topic can be found in a monograph by Pielke (1984) . The numerical simulations (Pielke 1974; Mahrer and Pielke 1977; Segal et al. 1989; Huss and Feliks 1981; Ookouchi et al. 1984; Segal et al. 1986; Mahfouf et al. 1987; Yan and Anthes 1988; Segal et al. 1988; Avissar and Pielke 1989; André et al. 1990; Xian and Pielke 1991; Pielke et al. 1991; Avissar and Chen 1993; Li and Avissar 1994; Lynn et al. 1995a,b; and others) have suggested that significant mesoscale circulations comparable to the sea breeze can be induced when the land surface is covered by warm-cool patches or strips of a variety of sizes. Although the regular distribution of land surface assumed in previous studies is somewhat unrealistic, these works have improved our knowledge of thermally induced mesoscale circulations and provide a good starting point for further exploration.
In contrast to the idealized patterns of the land surface considered in the aforementioned analytical and numerical studies, natural landscapes often manifest complex distributions of surface properties over mesoscale domains. Sun and Mahrt (1994) have shown that NDVI, the normalized difference of vegetation index defined as the difference of the reflectance at the near-infrared region and visible region divided by the sum of the two, is highly correlated with sensible heat flux at the surface and hence may be used as a proxy for the latter. Satellite images (an example is shown in Fig. 1 
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Kansas (composite data of 1-10 July 1992) from 1-km AVHRR satellite observations. The image domain is centered at 39ЊN, 98ЊW.
observations (e.g., Eidenshink 1992) illustrate complex or random patterns of NDVI over the surface with a wide range of length scales. Wang et al. (1996) recently proposed a stochastic linear theory to evaluate the impact of land surface heterogeneity of random distribution on mesoscale circulations. Assuming a homogeneous random field, an analytical ensemble solution of the governing flow equations was obtained and utilized to derive the formulas of the flow intensity and mesoscale fluxes. The flow intensity is shown to be proportional to the standard deviation of turbulent sensible heat flux over the land surface, and the mesoscale fluxes of momentum, heat, and moisture are proportional to the variance. This linear theory also suggests that atmospheric stability and synoptic wind strongly inhibit the development of thermally induced flow. Under a favorable environment (neutral stratification and zero/ slight synoptic wind) significant momentum and heat fluxes were predicted by the linear theory. The accuracy of the linear theory in describing mesoscale circulations depends critically on relative magnitudes and the importance of omitted nonlinear components of the mesoscale system. Since a general analytical approach for nonlinear analysis is not currently available, we used a numerical mesoscale model to further assess the importance of mesoscale circulations forced by a homogeneous random field of sensible heat flux at the surface. The spatial distribution of turbulent sensible heat flux over the land surface is generated according to the spectrum of the random field. Realistic values of the key parameters characterizing the spectrum are chosen to be consistent with observations. Different stability and synoptic wind conditions were also tested to investigate their roles in determining the spatial-temporal distribution of mesoscale kinetic energy, momentum flux, and heat flux.
In the following, we first briefly describe the natural variability of land surface in section 2. The design of the numerical experiments is given in section 3 followed by the discussion of results in section 4. A comparison of the numerical simulations with the linear theory of Wang et al. (1996) is the theme of section 5. The conclusions are presented in section 6.
Observed variability of surface sensible heat flux
Dry convection in the atmosphere is forced by the diabatic heating resulting from the turbulent sensible heat flux (TSHF) emitted from the land surface. Several field experiments provide useful information about the spatial distribution of TSHF over mesoscale domains. In the region of the California Ozone Deposition Experiment, where the land was covered by crops and bare soil, a difference of ϳ200 W m Ϫ2 in TSHF over a distance about 10 km was evident from aircraft measure- ments (Sun and Mahrt 1994) . Satellite images (from 1 km AVHRR) of this region reveal the existence of such land surface heterogeneity over a much larger surrounding area. At the site of the Boardman Regional Flux Experiment near Boardman, Oregon, where the experiment domain consists of mixed steppe and irrigated farm areas of irregular shapes, some 300 W m Ϫ2 variation in TSHF with length scales of 10 km or more was documented by Doran et al. (1995) . Field data collected from HAPEX-MOBILHY (André et al. 1990 ) point to a difference in TSHF of around 100 W m Ϫ2 across 30 km due to variations in canopy (Mahrt and Ek 1993) . Significant variability in TSHF has also been observed within the relatively small experimental area at the FIFE site (e.g., Desjardins et al. 1992) . The variability and length scale of TSHF over land surface prescribed in our numerical simulations are consistent with these observations.
Numerical model
The numerical model used in this study is the updated three-dimensional CLARK model (version G2TC38) developed at the National Center for Atmospheric Research. A detailed description of this model is given by Clark (1977) , hence is not repeated here.
The model is nonhydrostatic and can be forced by a prescribed TSFH over the land surface. The atmosphere is assumed to be dry. The simulation domain is a 200 km ϫ 200 km area. The atmosphere is divided into 20 vertical levels with variable increments (see Table 1 ). The horizontal resolution is either 5 or 10 km depending on the length scale of the TSHF at the surface. The VOLUME 55 horizontal resolution should be small enough to represent the heterogeneity of the land surface and resolve the structure of the flow field. On the other hand, it should not be so small as to make the simulations too costly. Finite resolution imposes a limit on the finest scale of mesoscale circulation that can be resolved. Possible consequences of limited resolution will be discussed in section 5. Integration time step is 15 sec to ensure the stability of the numerical scheme. The total simulation time is 24 h, starting from sunrise.
a. Random distributions of surface heating
To realistically represent the observed heterogenous land surface, we propose to model the TSHF H s (x, y; t) over the surface as a homogeneous random field. Realizations of this random field can be simulated by sampling from the spectrum and can be utilized as the input to the numerical CLARK model. The TSHF is prescribed in terms of
where H 0 is the domain-mean daily maximum turbulent sensible heat flux and H is the corresponding standard deviation. The random function Ĥ with zero mean and unit variance fully represents the spatial distribution of H s (x, y; t) .
According to many observations, the time behavior of TSHF follows closely the insolation curve I(t),
where t ϭ 0 refers to the time of sunrise and T 0 is the length of day. Statistically Ĥ may be characterized by a spectral density function or autocorrelation function (e.g., Yaglom 1987) . Two types of hypothetical Ĥ will be utilized in the numerical experiments: a banded white-noise spectral density function S H and exponential correlation function R H with correlation length of 10 km, 30 km, or 50 km. In practice they prove to be convenient approximations for many observed random processes (e.g., Wang 1997).
1) BANDED WHITE-NOISE SPECTRAL DENSITY

FUNCTION
When the land surface heterogeneity lacks dominant length scales, the variability of the TSHF at the surface distributes uniformly over a wavenumber window. This type of random fields could be described by a banded white noise spectral density function. A low limit of 20 Fig. 3a but with correlation length L ϭ 30 km. Fig. 3a but with a correlation length L ϭ 50 km.
FIG. 3b. As in
FIG. 3c. As in
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km and a high limit of 50 km are imposed on the length scale of the TSHF over the mesoscale simulation domain of 200 km in size. We may write the banded white noise spectral density function S H as
where k 1 , k 2 , k a and k b are wavenumber with
A realization of the random field of H s with S H specified in (3) is illustrated in Fig. 2 .
2) EXPONENTIAL AUTOCORRELATION FUNCTION
When the random field Ĥ has a dominant length scale L, an exponential autocorrelation function R H may be used to characterize it statistically,
The spectral density function, or the Fourier transform of R H , is (see appendix B for derivation)
The realizations of random field H s , with spectrum S H given in (5), with correlation length scales L ϭ 10, 30, and 50 km are plotted in Figs . The basic features of these simulated random fields of THSF H s are reasonably close to the observations described in section 2.
b. Synoptic conditions
The parameters characterizing the synoptic environment in the numerical model for a dry atmosphere are time-invariant atmospheric stability N (Brunt-Väisälä frequency defined in appendix A) and uniform synoptic wind u 0 in time and space. Three vertical profiles of N are tested: neutral stratification (N ϭ 0), stable stratification (N ϭ 10 Ϫ2 s Ϫ1 ), and neutral within the lowest 1-km layer and stable above. Three values of u 0 are used in simulations: 0, 5, and 10 m s Ϫ1 . The objective is to identify the condition(s) under which significant mesoscale circulation and fluxes may result.
c. Initial and boundary conditions
All simulations are initialized with no motion and start at sunrise. For example, t ϭ 9 in the simulations means 1500 local solar time when the sunrise time is 0600. Cyclic lateral boundaries are used to mimic flow within an infinite domain. A free-slip surface is specified as the lower boundary condition. Absorbing layers are imposed at the top of the domain to simulate an unbounded atmosphere.
Results and discussions
Three variables are used to characterize the mesoscale circulation: mesoscale kinetic energy E m , mesoscale momentum flux M m , and mesoscale heat flux H m . They are defined in terms of the variances of wind components, , , , and covariances between vertical velocity 2 2 2 u w and the pertinent variables:
m where the primed terms stand for the perturbations around the (horizontal) domain means, and the average (represented by overbar) is carried out over the horizontal domain.
The numerical analysis will focus on evaluating the impact of the length scale of TSHF at the surface, atmospheric stability, and synoptic wind on the spatialtemporal distributions of E m , M m , and H m .
a. Effect of the length scale of the TSHF
1) BANDED WHITE-NOISE FORCING
The space-time distributions of E m , M m , and H m caused by the surface TSHF shown in Fig. 2 are plotted in Fig. 4 . The maximum E m , characterizing the intensity of the flow, is 10 m 2 s Ϫ2 . A maximum horizontal wind of some 10 m s Ϫ1 and a maximum vertical velocity of about 3 m s Ϫ1 are stronger than a sea breeze circulation in this case. The diurnal variation of the mesoscale circulation peaks around 1500, consistent with the timing of sea breeze circulation. The circulation cells penetrate as high as 5 km, far beyond the depth of the observed planetary boundary layer (on the order of 1 km).
The associated vertical transport of horizontal momentum, represented by M m , reaches a maximum value of ϳ1.5 m 2 s Ϫ2 with the same timing as that of E m . It is one order of magnitude greater than the turbulent momentum flux on the order of 0.05 m 2 s Ϫ2 (e.g., Stull 1988) in the boundary layer. But M m is significant only up to ϳ2 km.
The vertical transport of heat, described by H m , has a maximum of ϳ20 W m Ϫ2 at the ϳ1 km level and decays moderately upward. A striking feature of H m is that it has a different vertical profile from that of turbulent heat flux. This signature of H m suggests that the mesoscale circulation could be the major heat transport mechanism in the free atmosphere where the turbulent heat flux is weak. (3) and (5). Particularly, the length scale of the TSHF shown in Fig. 2 is only up to 50 km, while that of Fig. 3 is not restricted. Nevertheless, they induce similar mesoscale circulation in terms of E m , M m , and H m . This result implies that land surface heterogeneities with very large length scales are not important in forcing mesoscale circulations. On the other hand, the major variabilities in the TSHF for both types of correlation concentrate within a range of length scales on the order of tens of kilometers. Hence surface forcings with length scales around tens of kilometers are effective in driving mesoscale circulations.
2) EXPONENTIAL AUTOCORRELATION
The inherent length scale of the atmospheric system at mesoscales may be defined as the wavenumber (inversely proportional to the length scale) at which the amplitude of the frequency response function of the mesoscale circulation (see Wang et al. 1996) attains its maximum. Significant flow is expected to be induced when the length scales of the surface forcing are around the inherent length scale of the atmospheric system. As we discussed previously, the banded white-noise forcing with the length-scale (wavenumber) window of 20-50 km is as effective as the exponential correlation forcings VOLUME 55 with length-scale window of 0 -ϱ km in driving mesoscale circulations. This finding suggests that the inherent length scale of mesoscale atmospheric system is likely to be around tens of kilometers.
b. Effect of atmospheric stability
1) CONSTANT N
Distributions of E m , M m , and H m forced by the TSHF shown in Fig. 2 when the atmosphere is stable are presented in Fig. 6 . The maximum E m is about 0.5 m 2 s Ϫ2 , only a few percent of the E m shown in Fig. 4a where the atmosphere is neutral. The circulation cells are confined within the lowest few hundred meters layer. Here H m becomes insignificant (ϳ1.5 W m Ϫ2 ). The maximum M m of ϳ0.06 m 2 s Ϫ2 is comparable to the turbulent flux. However, it occurs very close to the surface. Therefore, the mesoscale circulation in a stable atmosphere could be difficult to detect since it is likely to be masked by turbulence within the boundary layer.
2) VARYING N Sometimes the stratification is nearly neutral within the depth of the boundary layer (ϳ1 km) because of the mixing due to turbulent convection, and stable beyond the well-mixed layer. Here E m , M m , and H m corresponding to this stability profile forced by the surface TSHF shown in Fig. 2 are presented in Fig. 7 . As can be expected, the magnitudes of the three variables lie somewhere between those in the neutral and stable atmosphere. A maximum E m of 4.5 m 2 s Ϫ2 corresponds to a maximum horizontal wind of 6 m s Ϫ1 and a maximum vertical wind of 1 m s Ϫ1 , comparable to the wind velocities of a sea breeze circulation. A maximum M m of ϳ0.6 m 2 s Ϫ2 is still significantly larger than the typical value of turbulent momentum flux. A maximum (downward) H m of ϳ10 W m Ϫ2 is at ϳ500 m level, which is much lower than that in the neutral atmosphere. The penetration depth of the circulation cells is about 2 km. It is probably not easy to separate the signals of mesoscale circulation from that due to turbulence in this situation.
3) DISCUSSION
Atmospheric stability plays an important role in the development of mesoscale circulations. The presence of stable stratification strongly inhibits the free convection forced by random fields of TSHF in a dry atmosphere. It leads to relatively weak E m and H m that are likely to be masked by those due to turbulence within the boundary layer. However, M m could still make an appreciable contribution to the total vertical transport of momentum. 
VOLUME 55 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S
c. Effect of synoptic wind
Figures 8 and 9 illustrate E m , M M , and H m under the TSHF forcing shown in Fig. 2 when the synoptic winds are 5 and 10 m s Ϫ1 , respectively. A stratified atmosphere, with varying N, as in section 4b(2), is used. In general, synoptic winds up to 10 m s Ϫ1 do not have strong effects on the results. When the synoptic winds increase from 0 to 10 m s Ϫ1 , no significant differences are found for E m and M m , while the maximum H m increases from ϳ10 to ϳ25 W m Ϫ2 with a delayed time of occurrence relative to the cases of zero synoptic wind. The inhibiting impact of synoptic wind on the mesoscale circulation predicted by the numerical model is much weaker than that based on the linear theory (Wang et al. 1996) under the same land surface conditions.
Comparison with the linear theory
The linear analysis of mesoscale circulation does not give identical results to those from the numerical simulations presented in this paper. Figure 10 shows E m , M m , and H m predicted by the linear theory by Wang et al. (1996) under the random TSHF at the surface shown in Fig. 2 . The corresponding results from the numerical simulations are shown in Fig. 4 . The dissipation rate ␣ in the linear theory was estimated (see appendix C) from the corresponding numerical simulation to make the comparison consistent.
Both similarities and discrepancies are apparent by comparing Fig. 10 with Fig. 4 . The diurnal variation and vertical profile of E m and H m predicted by the linear theory are consistent with those from the numerical simulations. It indicates that the linear model is able to capture the basic physics behind the mesoscale circulation under the random surface forcing. On the other hand, the linear theory overestimates E m and H m relative to the numerical model by a factor of ϳ20. The linear theory does not produce M m in the absence of synoptic wind.
The linear model differs from the nonlinear numerical model mainly in three aspects: nonlinear advection, dissipation process, and spatial resolution. The linear model ignores all nonlinear terms in the governing equations. Dissipation in the linear theory is represented in terms of Rayleigh friction with a constant coefficient. In the numerical model, dissipation is modeled in terms of velocitydependent eddy diffusion. The numerical model also suffers from a restriction on spatial resolution that limits the resolved structure of mesoscale circulations. These three factors are believed to be mainly responsible for the discrepancies between the results from the linear analytical model and the nonlinear numerical model.
a. Nonlinear advection
The nonlinear terms represent the transport of momentum associated with the flow. Linearization implies that there is no momentum transport mechanism when the synoptic wind is zero. That is not the case with the numerical model. The underestimation of momentum flux and the sensitivity of the flow to stability and synoptic wind predicted by the linear theory relative to the numerical model are, to a large extent, attributed to the omission of nonlinear advection terms. This argument is further supported by the fact that assuming zero eddy diffusion coefficient in the numerical model does not eliminate momentum flux. Hence the existence of momentum flux in the absence of synoptic wind is not caused by dissipation. A complete treatment of nonlinear advection terms awaits the development of a nonlinear analytical model.
b. Dissipation process
Dissipation is an important factor in determining the timing and magnitude of mesoscale circulation. The linear theory produces a maximum E m of 60 m 2 s Ϫ2 at 1600 [inferred from Fig. 2 of Wang et al. (1996) ] and a maximum H m of 150 W m Ϫ2 at 1500 (Fig. 9b of the same paper) local solar time for the dissipation parameter ␣ ϭ 1.2⍀ 0 . Figure 10a shows it produces a maximum E m of 300 m 2 s Ϫ2 at 1800 and a maximum H m of 400 W m Ϫ2 at 1500 for ␣ ϭ 0.6⍀ 0 (see appendix C) under the same surface forcing and synoptic conditions. The numerical simulation (Fig. 4a) 
c. Spatial resolution
The resolved structure of the mesoscale circulation in the numerical simulation is limited by the spatial resolution of the numerical model. The wind velocity, temperature, and pressure computed at the grid points should be regarded as the averaged values over the grid area. The subgrid variabilities of the mesoscale circulation, if any, are smoothed out by the discretization of the governing equations. Hence, in principle, numerical simulation tends to underestimate E m , M m , and H m relative to the true values by ignoring the subgrid variability of the flow field due to the limited spatial resolution of numerical model.
Exact distribution of the variability of the nonlinear flow over the entire wavenumber range is not known. As an alternative, the analytical solution derived in Wang et al. (1996) may help to demonstrate the effect of subgrid smoothing of the flow field on the values of E m , M m , and H m . The reduction factor due to subgrid smoothing depends on the grid size ⌬ and wavenumber k 1 , k 2 in the following way (see appendix D):
Once the grid size ⌬ is chosen, (9) shows that variability in the flow field at length scales below ⌬ is filtered out, leading to an underestimation of E m , M m , and H m . Figure 11 shows that E m , M m , and H m predicted by the linear theory are reduced by a factor of ϳ2 when the spatial resolution of the linear model is around 10 km. So spatial resolution is expected to have a significant effect on the numerical simulation of mesoscale circulation. As discussed earlier, the numerical model produces E m , M m , and H m that are tens of times smaller than the corresponding values from linear analysis. It is unlikely that finite resolution alone is responsible completely for the differences between the linear and nonlinear models.
Conclusions
Several conclusions may be drawn from the numerical model simulations that have been described in this paper.
R Atmospheric stability is an important factor in the development of mesoscale circulations. The circulation cells could reach 5-km height in an atmosphere with neutral stratification but are suppressed down to a layer not more than 200 m in depth near the surface in a stable atmosphere. When the near-surface layer is neutral and the atmosphere above is stable, the mesoscale circulation is confined within a layer of 2 km in depth. We argue that the stable stratification provides the dominant resistance to the atmosphere against the TSHF forcing of random distribution. Stability strongly inhibits the development of mesoscale circulation and mesoscale fluxes. R The effects of the synoptic wind are relatively weak compared to that of the stability. The presence of moderate synoptic wind increases slightly the mesoscale circulation and fluxes, in contrast to the inhibiting role of synoptic wind predicted by the linear theory. A possible negative feedback between the mesoscale and the large-scale circulations is implied since enhancement of mesoscale momentum fluxes (downward) in turn leads to a stronger resistance to the large-scale circulation. R Any random distribution of TSHF at the surface with dominant length scales around a few tens of kilometers will be equally effective in driving mesoscale circulations. Land surface heterogeneity with very large length scales is not important in mesoscale circulations. The functional form of the spectrum or correlation function of the surface forcing is not critical. R Mesoscale momentum flux is one order of magnitude stronger than the corresponding turbulent flux in a neutral or a neutral-stable atmosphere. In a stable atmosphere, mesoscale and turbulent momentum fluxes are still comparable. Hence mesoscale circulation is effective in the vertical transport of kinetic energy. R Mesoscale circulations provide a dominant heat transport mechanism beyond a certain level (on the order of 1 km and up). Mesoscale heat flux has a different vertical distribution from the turbulent heat flux. The maximum mesoscale heat flux of ϳ20 W m Ϫ2 (upward) occurs at a level close to 2 km in a neutral atmosphere where turbulent heat flux is usually weak. Stable stratification tends to reverse the direction of mesoscale heat flux. A mixed neutral-stable stability profile reduces this level down to ϳ300 m. Mesoscale heat flux is probably insignificant in a stable atmosphere. R The discrepancies between the numerical simulation and the linear analysis are caused collectively by three factors: nonlinear advection terms, dissipation, and spatial resolution. A grid size of 10 km in the numerical model could result in a reduction in kinetic energy, momentum, and heat flux by a factor of ϳ2 due to subgrid smoothing. A dissipation coefficient greater than that estimated from the nonlinear numerical model is required for the linear theory to reproduce the same magnitude and timing of the mesoscale circulation as the numerical simulation. R Nonlinear advection terms are responsible for the mesoscale momentum fluxes. It has been found from the simulations that momentum fluxes may result regardless of the turbulent dissipation in the numerical model. So satisfactory prediction of the vertical transport of kinetic energy induced by land surface heterogeneity requires nonlinear modeling of mesoscale circulations.
These results are potentially useful in the subgrid parameterization of large-scale models, particularly when the subgrid land surface heterogeneity has complex distribution that can be described by a homogeneous random field. One basic feature of the mesoscale circulation is that mesoscale kinetic energy, momentum flux, and heat flux vary in time and height in a way very different from the corresponding turbulent ones. To assess the additional contribution to the total transport of energy by subgrid mesoscale processes, three parameters have been identified to be important: standard deviation and length scale(s) of the TSHF over the land surface, and the atmospheric stability. The homogeneous random field description of land surface heterogeneity is a powerful tool in handling the complexity in the surface forcing for mesoscale circulations. We realize that the statistical homogeneity assumption may impose a restriction on the validity and accuracy of some our conclusions. This work should be regarded as a complement to many previous efforts dealing with land surface forcing following regular patterns.
Another related issue is the possible triggering of moist convection by the mesoscale circulation, which may lead to rainfall formation. Some of our ongoing research focuses on this topic and will be reported in the future. 9120386 and ATM-9020832. The views, opinions, and/ or findings contained in this report are those of the authors and should not be considered as an official position of the National Science Foundation.
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Derivation of Eq. (5)
The Wiener-Khintchine theorem (e.g., Yaglom 1987) states that the correlation function R H (x, y) and spectral density function S H (k 1 , k 2 ) of a homogeneous random function H in the (x, y) domain constitute a Fourier transform pair; that is,
When R H (x, y) has the functional form given in Eq. (4), we have (e.g., Bras and Rodríguez-Iturbe 1985)
͵ 0 2 0 where J 0 (x) is the zeroth-order Bessel function of the first kind. The integral on the right of Eq. (B2), from Gradshtein and Ryzhik (1994) , is
Estimation of Dissipation Rate ␣
The linear theory parameterizes the momentum and heat dissipation by Rayleigh friction with a constant parameter ␣. The dissipation in the numerical CLARK model is represented by eddy diffusion. Hence, ␣ needs to be determined in order to make consistent evaluation of the linear theory against the numerical simulation. The time-varying potential temperature obtained from the numerical simulation can be used to estimate the value of ␣. Equation (3) for buoyancy b, a linear function of potential temperature , in the stochastic linear theory (Wang et al. 1996 where ⌸ functions are the frequency response functions, Q is the buoyancy source at surface, and Q is the standard deviation of Q defined in Wang et al. (1996) . Figure 11 demonstrates Ẽ m , M m , and H m varying with ⌬ under banded white noise forcing (column a) and exponential correlation with correlation length of 30-km forcing (column b), respectively. The curves are computed at t ϭ 9 h when the mesoscale circulation reaches maximum. The synoptic environment is characterized by neutral stability and slight large-scale wind of 0.4 m s Ϫ1 in order to get nonzero momentum flux.
